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INTRODUCTION

The pair of vibrating vocal folds (VFs)
† within the larynx are important components relevant to the production of voice. The need to understand the phonation mechanism and biomechanical factors affecting voice health drives research using VF models. Figure 1 shows † Table 1 summarizes all symbols and definitions.
the anatomy of a typical pair of VFs situated in the larynx. In this paper, we focus on the VFs system comprising the lamina propria, vocal fold ligament and underlying thyro-arytenoid muscle, bounded by the hard arytenoid and thyroid cartilages. The system boundary is depicted in figure 1 . We aim to develop rules for VF model construction such that VF biomechanical response agrees with that of a corresponding subject-specific VF. A subject-specific VF will have the features shown in figure 1 in general, along with details particular to itself. The envisaged model is canonical in that any further abstraction in geometry, with respect to that of the subject-specific VF, will cause its mechanical response to deviate from the subject response by more than a specified tolerance. This model can then be used to understand and predict phonation and voice health characteristics of the subject-specific VF.
Application of continuum mechanics principles in the analysis of voice processes has received significant attention in the past. Examples include studies of the fundamental processes of phonation mechanism 1,2 , the modeling of continuum response using advanced constitutive theories 3, 4, 5 , the determination of mechanical stress within the folds 6 , the computations of impact pressures at contacting glottal surfaces during vibration 7, 8, 9 . In a continuum mechanics setting, accurate geometrical representation of the system of interest is essential to model a problem. The geometric description of vocal folds in continuum mechanics studies commonly are based on significant abstraction of the anatomical and geometrical features. We hypothesize that the degree of model abstraction will influence the predicted biomechanical response of the VFs, and that appropriate rules of model abstractions can be developed such that the relevant mechanisms underlying phonation can effectively be analyzed and described.
The desire to obtain an abstraction of subject-specific anatomical features of the VFs is driven by advantanges in ease of modeling and analysis, but also by the desire to extract fundamental insight by eliminating confounding factors.
An underlying principle in the abstraction process is that, to a specified order of accuracy, the mechanism being studied is not affected by the geometric features that are absent in the abstracted model. Therefore, unless both the original and the abstracted structure are actually analyzed for their relevant behavior, and the property to be studied (the fundamental frequency, a magnitude of stress, etc.) is shown to be insensitive to the features removed -the results obtained from the model are not relevant.
In this paper we present a method that utilizes sliceby-slice section images of the three-dimensional VF to develop subject-specific models for phonation. Such image information is available from magnetic resonance imaging (MRI), computed tomography (CT), but also from more traditional methods based on castings like those obtained byŠidlof et al. 10 In particular, MRI data of VFs is the most detailed in-vivo anatomical information available, and provides 11, 12, 13 superior image results when compared to CT technology. Continuum mechanics analysis of a VF model created based on MRI data 14 demonstrated the importance of careful model abstraction. These authors found significant differences in the self-oscillation response of a model based on MRI data when compared to mechanisms predicted 6, 7, 15, 16, 17 from the commonly employed M5 model 18 .
The M5 model was developed as a canonical model for the analysis of glottal air flow around the VFs, but was subsequently also used in continuum mechanics analysis of the VFs themselves. Its geometry is a specification of the planar curve lying at the intersection of the medial surface and the mid-coronal section of the VF. This specification was a development over previous emerging from a need to explain particular experimental observations absent in a model of simpler geometric definition.
In contrast to the path of gradual sophistication of the M5 canonical model, we believe that a more robust approach to model definition is to conduct sensitivity studies on gradual simplifications of a subject-specific VF geometry. Such an approach is considered in the present study, and in addition, the interaction of VF model geometry with tissue biomechanical properties was also considered.
The work documented in Pickup and Thomson 14 partially follows the same direction of approach as it appears to be the first attempt at sensitivity analysis with a subject-specific geometry as the baseline. In partic- fore, an assumed cover thickness is used to define an identical body-cover partition in all the models.
In the analysis we focus on the first three natural modes of vibration as these were shown by Zhang et al. 33 to account for 99% of the energy at the onset of self-oscillation.
A rational modeling methodology is presented, that goes from highly geometrically accurate models to subsequently abstracted ones in a graduated manner. Along this path, removal of each feature can be tested for sensitivity to the object of analysis. We demonstrate that knowledge of tissue properties is crucial to capture the correct frequency response even under conditions of accurate geometric representation.
The structure of this paper is as follows. In the following section, we present a general and versatile formulation which enables the creation of geometric model of a particular human VF configuration. The versatility of the formulation -implemented in a commercial computer-aided design (CAD) software packageis further demonstrated by incorporating geometric abstractions. The formulation is exercised by considering a particular subject-specific VF configuration as previously documented in the literature 10 . Geometrically abstracted models based on the same subject-specific data are constructed.
It is important that the analysis model capture impor- 
METHODS
Vocal fold geometry
Image-slice based methods We denote the coordinates of these points by the label
, z (i) ) where j = 1 . . . N and subscripts L and R denote points on the left and right VF respectively. The outer boundary vocal tract is assumed to be cylindrical, and its diameter H is chosen such that it satisfies
Two circles, of diameter H, centered at (x min , 0, 0) and (x max , 0, 0) are used to form the closed curves S 0 and S N+1 that mark, respectively, the inferior and superior extremeties of the model. Therefore the locations x min 4 and x max along the inferior-superior axis satisfy
The procedure for creating the model geometry is shown in figure 2 . A software implementation, by means of a Python script in a computational code, i.e.
ABAQUS/CAE, was employed to code the process.
This script is available from the authors upon request.
Subsequently, the subject-specific geometric model incorporating subject-specific anatomical feature geometry is referred to as model SS.
The M5 model
The M5 model geometry as of Scherer et al. 18 is con- For the present study we consider M5 geometry as of figure 3 (b). This profile of the M5 model considers
• and is extended upto the outer tracheal wall by
Abstracted vocal fold geometries
Departing from the subject-specific VF geometry, the procedure in figure 2 allows for the creation of models with geometric abstractions made at various levels. An example of this process is present in the following. The ap variation of the M coronal images used to construct the subject-specific model SS are simplified in a process in which the mid-coronal features (x
are retained from SS. Here M/2 is the index of the midcoronal plane. The M coronal images are replaced by the point-set
Thereby, a, b and k are functions ofx
j , and H is the maximum width of the glottal tract. This definition ensures the glottal opening appears to be smooth and rounded when viewed from the superior aspect. The pa- The glottal half-width at the mid-coronal section is
and defines the semi-minor axis of the glottal tract cross section. The ap extent, identical to the semi-major axis, 
Partitioning into body-cover domains
In Hirano 39 , it was shown that the VF volume is not homogeneous. Following the notation of the body-cover model, distinct histology is attributed to two distinct regions of the VF. The outer, compliant cover layer, is thereby distinguished from the body across an internal boundary.
On the mid-coronal plane a segmentation into the body and cover is defined by specification of an inter-nal partition line, as shown in figure 4 . This partition line is swept along an arc in the transverse plane to obtain the interface between the cover and body regions.
The radius of the arc is R and the distance of the center of the arc from the VF axis is C = R − H. In the absence of subject-specific histological data, R is retained as a free model parameter. Its numerical value is chosen such that the thickness of the cover at all coronal sec- 
Specific model parameters
InŠidlof et al. 10 a casting method was used to obtain the geometry of the VFs of a 72-year old female subject.
Eight coronal sections (M = 8), each 1 mm apart, were considered (see figure 5 ). The data 10 did not include information on the cricoid cartilage and joint locations.
Therefore the mid-saggital plane is defined such that the minimum distance between this plane and the left and right profile on each coronal plane is on average zero.
This model is referred to as model SS.
To create the models R0, R1 and R2, the mid-coronal and the underlying extra cellular matrix. From measurements on excised larynges 4 we estimate E ap ∼ 6 kPa.
The matrix is considered to be close to incompressible, ν m = 0.490. The Poisson's ratio of the fiber is considered to be ν f = 0.300 and its volume fraction to be 30%. To complete the model, we need to specify the elastic moduli of the fibers and the matrix components, i.e. E f and E m respectively. Let us define the ratio between the elastic moduli in the ap-direction to that in any direction in the coronal plane (for e.g. ml here)
as a measure of the degree of anisotropy in the material.
The two parameters E f and E m can be uniquely specified to obtain target values of χ and E c,ap . The following cases are considered for the subjectspecific models presented in the preceeding section.
Firstly, we simulate a homogeneous isotropic VF by setting E b = E c,ap = 6.00 kPa and χ = 1.00. The effect of muscle activation is analyzed by increasing E b , such that h = 2.00, 4.00 and 8.00. Previous studies 44, 45 report that stresses in an active muscle can be an order of magnitude higher than passive muscle. Therefore the values of h considered here should be taken to be indicative.
The effect of anisotropy is investigated with h = 1.00
and setting cover properties from table 3 corresponding to χ = 2.00, 5.00 and 10.0. To investigate the combined effect of muscular activation and cover anisotropy, we consider the following scenarios. On one hand, we fix h = 4.00 (E b = 24.0 kPa) and E c,ap = 6.00 kPa and vary the level of anisotropy in the cover (χ = 2.00, 5.00 and 10.0). On the other hand, we fix χ = 5.00 and E c,ap = 6.00 kPa, and vary the level of muscle activation by increasing E b such that h = 2.00, 4.00 and 8.00.
The case (h = 4.00, χ = 5.00) is encountered along both lines of variation.
EIGENFREQUENCY ANALYSIS
We undertake an eigenfrequency analysis to investigate the influence of VF geometry and biomechanical prop- 
where M is the mass matrix, K is the stiffness matrix, ω is the desired eigenfrequency and φ n is the corresponding eigenvector (mode of vibration). Here superscripts M and N denote the degrees of freedom. The Lanczos algorithm is used to solve the problem. We consider the frequencies for the first three natural modes for the models.
RESULTS
We initially consider the models SS, R0, R1 and R3 with isotropic, homogeneous tissue properties, i.e. with no distinction between body and cover. Table 4 shows the first six eigenfrequencies for each of these models. We each subject-specific model, is seen to be significant.
The differences in geometry between the models with subject-specific geometry SS and the other models increases from R0 to R2. The percentage differences are of the same order as in the case of heterogeneity. Another similarity is that increasingly longer M5R1 models are required to match the modal response of subjectspecific models at higher anisotropy levels, and this effect is predominant in the first mode. Figure 9 compares the frequency for the subjectspecific models in dependence of degree of cover anisotropy in the presence of a constant degree of heterogeneity h = 4.00 on one hand, and the frequency for the subject-specific models in dependence of degree of heterogeneity in the presence of a constant degree of cover anisotropy χ = 5.00 on the other. Increasing muscular activation, or in our model, increasing heterogeneity leads to an increase in the predicted fundamental frequency. This is expected because increase in heterogeneity corresponds to increased stiffness in the body region. On the other hand increase in anisotropy decreases the frequency, owing to increase in compliance in the cover. Simultaneous increase in values of both parameters is thereby counteractive. We observe that the combined effect, however, works to a different degree on the subject-specific models compared to the M5R1 model. In both cases, the curves of frequency variation for the subject-specific models deviate from isolines of M5R1 models of constant lengths much faster than when cover anisotropy and heterogeneity were considered in isolation. In particular, for the first mode, the effect of varying heterogeneity, while keeping cover anisotropy fixed, is found to be larger than the reverse case (fixing heterogeneity and varying anisotropy). The percentage differences between the SS model and the other subject-specific models is of the same order as before. In particular, R0 differs by less than 2%, R1 by less than 10% and R2 by about 50%.
DISCUSSION
In this paper a framework to construct geometrical models from subject-specific data was presented. It was shown how geometrically abstracted models can be created using this framework in an automated process with the underlying mathematical equations presented in this paper. Human intervention might be required in successfully implementing the procedure, especially to overcome lack of information from image slices. The image-slice data used in this paper was obtained from a casting method used to determine subjectspecific glottal geometry. This data is similar in resolution to that obtainable through modest MRI capabilities available currently that can achieve a resolution of the order of 1 mm 46, 35, 31 . The geometric models were further enriched to incorporate VF histology. Consistent conclude that the geometry of the subject-specific models, in particular their non-extruded construction, plays a significant role in ensuring a uniform sense of deviation, and thereby their potential to be calibrated.
Tissue properties and histology
Our work shows that the effort made in accurately determining geometry must be seriously weighed in com- to characterize the mechanical behavior are an attractive choice. In the present study a constant cover thickness was assumed and the sensitivity of modal response to this parameter was not examined. This is due to the fact that histology is currently unobtainable from MRI data. In Herrera et al. 48 ex-vivo ferret and canine larynges were examined under high-intensity magnetic field (11.7 T) to establish that histological distinctions between lamina propria, muscle, epithelial tissue can be achieved. We believe this is an important development, and our results clearly are in need of input from research in this direction.
CONCLUSIONS
From the present study, four main conclusions can be drawn. Specifically, these concern:
1. the geometry representation framework, 
